Introduction
Because nitrogen limits tree growth at many sites in the U.S. Pacific Northwest (Ballard 1979) , maintaining N reserves is of considerable interest to forest managers and ecologists. One-time occurrence of wildfire or logging and site preparation can remove 300-1000 kg/ha of N (Brown et al. 1973; Miller et a!. 1976) , whereas precipitation adds < 200 kg/ha over the course of a 100-year rotation (Johnson et al. 1981) . Early successional symbiotic N fixers, especially red alder (Alnus rubra Bong.) and ceanothus (Ceanothus velutinus Dougl.) , may add 1000 to >5000 kg/ha over a rotation (Davey and Wollum 1979) , but they do not occur at all sites. Where these symbiotic N fixers are absent, asymbiotic N fixers have sometimes been viewed as potential longterm sources of N that offset leaching, fire, and denitrification. Although asymbiotic fixation has been reported in soil, litter, and decaying wood and from foliage surfaces (Hardy et a!. 1973; Larsen et a!. 1978; Granhall and Lindberg 1978, 1980; Rennie and Rennie 1983) 3Author to whom requests for reprints should be addressed. extrapolated to a yearly basis. Low rates of asymbiotic fixation (-1 kg ha -1 year I ) occur in logs in the Pacific Northwest (Silvester et al. 1982) , but rates in litter have not been measured.
Objectives of the current study were (i) to examine asymbiotic N-fixation rates in litter under various temperaturemoisture regimes in the laboratory, and (ii) to survey asymbiotic N-fixation rates in litter across a variety of Pacific Northwest forest types, periodically in one habitat, and by litter layer.
Methods

Temperature-moisture experiments
So that proper incubation conditions for the rest of the study might be determined, effects of temperature and moisture on N fixation by litter layers were measured over a range of conditions in the laboratory.
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2 E Z U the temperature-moisture experiments, because the L layer included_ principally L 2 litter and only a small residual of L, litter, the designation L layer is used. The designation F layer refers to both F, and F2 litter.
Litter was brought to the laboratory, air dried at 22°C for 5 days, and stored at 22°C for up to 4 weeks. Two parallel experiments were then conducted. Samples (90 for L layer, 156 for L + F; see Heath 1985) were incubated in 1-quart wide-mouth jars at the desired temperature (range, 0-40°C); a 20-g sample filled about one-third of each jar. Air-dried litter (three to four replicates) was brought to the desired moisture content (range, 10-250%) by adding the required amount of distilled water to each jar. So that water could soak in and the bacterial population stabilize its rate of N fixation, litter was preincubated at the desired temperature (± 2.5°C) for 50-70 h. A 2-week time trial with four replicates showed that N fixation stabilized after 48 h except for a 4th-day peak 40 070 higher than the 2nd-day peak (Heath 1985) . We found that 22°C and 200% moisture content were optimal incubation conditions for Douglas-fir litter from Adair, and used those conditions in habitat sampling under laboratory conditions and in litterlayer and soil sampling.
Habitat sampling
Litter was collected in 1981 and 1982 from 24 sites in Oregon and one (Mount Rainier) in Washington, spannin g a range of climatic zones and forest types ( Table 1 ). The litter was primarily leaves but also included small twigs, bud scales, insect frass, and moss, if present, and excluded woody debris >3 mm in diameter. The H layer, consisting of black or g anic matter in which needles were almost unrecognizable, was included where present. Most sites were sampled several times, and all except Squaw Creek, McDonald Forest, and Warm Springs were sampled at least once in spring or fall when litter was moist and litter temperature was >5°C. Two sites, Wildcat Mountain and Suttle Lake, were also sampled in winter under snow.
Litter samples from three or four randomly chosen points at each site were incubated in the laboratory under simulated field conditions. Litter temperature was measured at three points per site. Samples were stored in plastic bags in coolers from 1 to 48 h (except those from Mount Rainier and Bull Run, which were stored 3 weeks) at field litter temperature ± 5°C and in situ moisture content until incubation. Samples were oven-dried after incubation to determine field moisture content.
An additional four litter samples per site were incubated in the laboratory under the conditions we had determined optimal (22°C, 200 070 moisture content). Samples were first air dried to standardize moisture content, then rewetted to 200 070. Up to 3 weeks were required to air dry some samples. Some air-dried samples were stored for up to 1 additional month at 22°C before rewetting.
Periodic sampling
Litter from the Douglas-fir plantation near Adair was periodically collected and incubated during 1981 and 1982. Annual rainfall at nearby Hyslop Field Laboratory averages 108 cm, of which 6.1 070 falls between June and October, and mean annual air temperature is 11 °C (Kelly Redmond, Oregon State University Climatic Research Institute, personal communication).
The Adair stand, whose trees (2-0 stock, local seed source) were planted at 2.2-m spacings in March 1958, was chosen because the litter layer was nearly pure Douglas-fir needles and because the site was convenient to Corvallis. The Douglas-fir formed a closed canopy with little other vegetation beneath, although some Himalayan blackberry (Rubus discolor Weihe & Nees) had established in openings where trees had died. Nineteen percent of the area had a moss cover >75%. Large woody debris and large rocks were absent. The litter was a relatively uniform carpet of Douglas-fir needles on top of mineral soil with no humus. Mean litter conditions for the 302-day period during which N fixers were active were 7.6°C and 151 070 moisture content. We sampled in a flat 15 x 76 m portion of the stand buffered from surrounding _ fields on all sides by 2 to 20 rows of trees of the same seed source.
A Douglas-fir plantation near Monmouth, about 20 km north of Adair, provided a replicate site for periodic sampling. Planted at the same time as the Adair stand but from a different local seed source, the trees formed a closed canopy with little vegetation beneath. Unlike at Adair, trees had been pruned within the last 2 years, and slash covered the forest floor. Thirty-one percent of the area had a moss cover >75%. We sampled in a 17 x 17 m portion (7 x 7 rows of trees) buffered an all sides by two rows of trees from the same seed source.
Between August 1981 and 1982, litter was sampled on 23 dates at Adair and 18 dates at Monmouth. Samples were collected at 2-to 3-week intervals (up to 31 days when litter was frozen or dry) from 10 random locations at each site and stored in a cooler for 0.5-4 h before transfer to incubation chambers. Ambient temperature rocks were added to the cooler to stabilize the temperature. Litter moisture, temperature, and mass per area were measured on each sample date. To calculate annual N input at Adair and Monmouth, we divided the entire study period into intervals centered on each sampling date, multiplied the number of days in each sampling interval by the mean N-fixation rate for the sampling date, and then summed over the intervals. Zero values were assumed for two winter dates and when litter was dry.
Litter-layer and soil sampling
Litter (L, F, and H layers, as previously defined) and mineral soil were collected in late August and early September 1981 from three randomly chosen points at each of four sites -(i) Marys Peak (old-g rowth Douglas-fir with some western hemlock (Tsuga heterophylla (Raf.) Sarg.)), (ii) Adair (young Douglas-fir plantation previously described), (iii) McDonald Forest (old-growth Douglas-fir with some grand fir (Abies grandis (Dougl.) Lindl.)), and (iv) Marys Peak (mature western hemlock) -so that N-fixation rates in the various litter layers might be differentiated. The mineral soil (below the H layer) was sampled to a depth of 5 cm.
Samples from each layer at each site were composited and then subsampled (three replicates). Each litter sample was air dried at 22°C for 2-12 days and then brought to 200 070 moisture content before incubation to allow the N-fixer population to stabilize. Mineral soil samples were incubated at three moisture levels (36%, field capacity; 45%, close to saturation; and 200%, under water) because we had not determined the optimal conditions for incubating mineral soil. Because mineral soil is denser than litter, 20-, 60-, and 200-g soil samples were incubated to provide a wide range of headspace volumes.
Acetylene reduction
N fixation w as assayed by acetylene reduction, as described by Silvester et al. (1982) . Acetylene (C,H 2 ) generated with water and calcium carbide was injected through a serum stopper into each 1-quart jar containing litter, bringing the atmosphere to 10070 C,H 2 . Jars were incubated in the dark for 6 h; tests comparing light with dark incubation showed no significant difference in fixation rates. After incubation, a gas sample was withdrawn from each jar, and ethylene and acetylene were measured with a HewlettPackard 4 5830A gas chromatograph (GC) fitted with a flameionization detector and a 2-m, 80-100 mesh Poropak R column' at 70°C. N 2 (40 mL/min) served as carrier gas and acetylene as an internal standard (McNabb and Geist 1979) . Ethylene standards were used to calibrate the GC. Endogenous ethylene production and background ethylene levels were checked routinely and subtracted from measured eth ylene production values. Litter samples were oven-dried after incubation. Acetylene reduced was then converted to N fixed (per unit dry mass) by dividing by 3.52, a mean ratio determined by 15 N labelling of decaying boles at the H.J. Andrews Experimental Forest, Oregon (Silvester et al. 1982) . 
Results
Temperature-moisture experiments
L layer litter reduced less acetylene than the L + F layer at most temperature and moisture levels (Figs. 1, 2) . L layer acetylene reduction (AR) peaked at 22°C and was sharply lower at 27°C. AR by the L + F layer maintained a constant high rate between 20 and 26°C. A moisture threshold for AR in both the L and L + F layers was evident between 10 and 50% (Fig. 1) . (Data from periodic sampling confirmed that this threshold was about 35%.) Above that moisture threshold, AR increased and then, except for samples at 23°C, leveled out above about 170%. When moisture content was below 130%, AR by the L + F layer was negligibly affected by temperature between 15 and 26°C.
Habitat sampling
Litter reduced more than trace amounts (< 0.2 nmol g -1 h -1 ) of acetylene under simulated field conditions at only 8 of 25 sites sampled (Table 1) . Seven of the eight sites were dominated by Douglas-fir, one by Sitka spruce. Ponderosa pine and noble fir litter reduced small amounts, and western hemlock litter trace amounts, when incubated under the conditions we had determined to be optimal.
Periodic sampling
No acetylene was reduced at Adair when litter was dry, i.e., from July to late September 1981, and again in late July 1982 (Fig. 3) . AR rate was assumed to be zero in late December and January 1981 when litter was frozen, on the basis of results from the temperature-moisture experiments and because samples collected in spring and incubated in the laboratory under snow we brought in did not reduce acetylene. AR rate fluctuated erratically during other times of year (Fig. 3) . Rates at Monmouth were consistently lower than at Adair, although litter temperature and moisture conditions were similar (Fig. 4) . In all, litter temperature and moisture conditions explained 69% (p < 0.01; n 18) of the annual variation in AR rate at Adair and Monmouth. At Adair, litter dry mass averaged 18.3 ± 0.6 Mg/ha (95% confidence interval) with 31 ± 7% C and 0.9 ± 0.2% N, Table 1 ). Error bars indicate 1 SE. VOL. 18, 1988 giving a C:N ratio of 33 ± 6 (Heath 1985) . At Monmouth, litter dry mass avera ged 12.3 ± 0.8 Mg/ha with 31 ± 2% C and 0.9 ± 0.1% N, giving a C:N ratio of 34 ± 2. At both sites, AR rates >0.023 kg ha -1 day -1 were associated with higher C levels (p = 0.06) and with higher C:N ratios (p = 0.08). On the basis of an N fixation to AR ratio of 3.52, N fixation totalled 1.08 ± 0.13 kg ha -1 year -1 at Adair and 0.39 ± 0.06 k g ha -1 year -1 at Monmouth (95% confidence interval). Moss-covered litter usually reduced less acetylene than did surrounding litter. Sixty (25%) of the samples collected after December 21, 1981, at Adair and Monmouth had moss cover >75 01o. Of those, 49 reduced acetylene at a rate below the mean AR rate for that day, 10 clustered around the mean, and 1 reduced acetylene at 151% of the mean.
Litter-layer sampling AR was restricted, for the most part, to the L2 layer at all four sites sampled by litter layer (Table 2) . Trace activity in adjacent layers could have been due to incomplete separation of the layers during sampling. The L + F layer at Adair reduced acetylene at a rate about equal to that of the L, layer in the litter-layer sampling despite dilution by the other more massive but less active layers.
Discussion
Our habitat and periodic sampling produced little evidence that asymbiotic N fixation by litter accounts for significant N input in Pacific Northwest forests. Even at Adair and Monmouth, where fixation was readily measurable, the input was only 0.4-1.1 kg ha -' year -', barely enou g h to offset amounts of N typically lost in leaching (Johnson et al. 1981; Sollins and McCorison 1981) . Litter at the other sites appeared to fix even less N, althou g h it is hard to know for certain because we sampled at only a few points in time (Fig. 3) . Several sites had values as high as or higher than those at Adair and Monmouth, but most of these sites were at high elevation where cold winters are likely to inhibit N fixation durin g much of the year. The large seasonal variability (Fig. 3) suggests that many values reported from other forests worldwide should be viewed with caution because they are often based on material collected at only one point in time (e.g., Jorgensen and Wells 1971; Cornaby and Waide 1973; Jorgensen 1975; Silvester 1978; Larsen et al. 1978) , although some have used an experimentally determined Q10 to take into account annual variation in temperature (e.g., Granhall and Lindberg 1978, 1980) .
Factors accounting for the large AR differences among sites across the Pacific Northwest are unclear. The two most active sites, Adair and Monmouth, were youn g , monospecific, sin gle-provenance stands at low elevation in the Willamette Valley. Yet even these apparently similar stands had annual fixation patterns that barely overlapped. Spatial variability in acetylene reduction was substantial (SEs were 10-40% of the mean, n = 10) and mi g ht be even greater in multispecies stands on complex topography.
We found some evidence that N fixers at Adair adapted to seasonal changes in climate, although they may simply have responded to chan g ing substrate composition. The temperature threshold differed considerably in summer and winter. Summer L layer litter at Adair fixed only trace amounts of N below 12°C (Fig. 1) , whereas L + F litter gathered in winter remained active down to 2.5°C (Fig. 3) . More data are needed to confirm this change. Further evidence for adaptation can be seen by comparing N fixation by Adair litter collected in late summer and incubated under "laboratory" conditions with that collected periodically and incubated under "field" conditions (Table 3) . AR rates became higher under field than laboratory conditions as the season progressed. Studies that measure annual N fixation should account for seasonal chan ges in substrate and bacterial population behavior.
More sampling in young stands elsewhere in the Pacific Northwest and in mixed stands in and adjacent to the Willamette Valley mi g ht yield N fixation rates as high as those at Adair and Monmouth. Stands without western hemlock would be good candidates to examine because hemlock may allelopathically inhibit N fixation (Rose et al. 1983) ; in fact, the Suttle Lake site, which lacked hemlock, yielded the hi g hest single fixation rate of all Cascade and Coast Range sites. The coastal Sitka spruce forest, which also produced a few high values, might be favorable because it lacks the cold winters and dry summers of most of the other sites. Although N fixation in litter varies greatly among Pacific Northwest habitats, 1 kg ha -' year -' appears to be close to the maximum. 
